Abstract. Dilated cardiomyopathy (DCM) is a common type of non-ischemic cardiomyopathy, of which the underlying mechanisms have not yet been fully elucidated. Long noncoding RNAs (lncRNAs) have been reported to serve crucial physiological roles in various cardiac diseases. However, the genome-wide expression profile of lncRNAs remains to be elucidated in DCM. In the present study, a case-control study was performed to identify expression deviations in circulating lncRNAs between patients with DCM and controls by RNA sequencing. Partial dysregulated lncRNAs were validated by reverse transcription-polymerase chain reaction. Gene Ontology, Kyoto Encyclopedia of Genes and Genomes pathway, and lncRNA-messenger RNA (mRNA) co-expression network analyses were employed to probe potential functions of these dysregulated lncRNAs in DCM. Comparison between 8 DCM and 8 control samples demonstrated that there were alterations in the expression levels of 988 lncRNAs and 1,418 mRNAs in total. The dysregulated lncRNAs were found to be mainly associated with system development, organ morphogenesis and metabolic regulation in terms of 'biological processes'. Furthermore, the analysis revealed that the gap junction pathway, phagosome, and dilated and hypertrophic cardiomyopathy pathways may serve crucial roles in the development of DCM. The lncRNA-mRNA co-expression network also suggested that the target genes of the lncRNAs were different in patients with DCM as compared with those in the controls. In conclusion, the present study revealed the genome-wide profile of circulating lncRNAs in DCM by RNA sequencing, and explored the potential functions of these lncRNAs in DCM using bioinformatics analysis. These findings provide a theoretical foundation for future studies of lncRNAs in DCM.
Introduction
Dilated cardiomyopathy (DCM) is a common type of non-ischemic cardiomyopathy, which leads to progressive heart failure and sudden cardiac-associated mortality (1) (2) (3) . DCM is characterized by ventricular chamber enlargement and systolic dysfunction, and has strong associations with cardiac development, organ morphology, myocardial energy metabolism and abnormal gene expression (4, 5) . In patients with DCM, the possible causes of the condition are often ascribed to coronary artery disease, hypertension, viral infections and alcohol abuse (6) . However, the exact mechanisms involved in the development of DCM remain unknown.
Long noncoding RNAs (lncRNAs) are a cluster of transcribed RNAs with a length >200 nucleotides, which lack protein-coding potential (7, 8) . lncRNAs function by regulating their neighboring or distant target genes through connection with microRNAs and interaction with proteins (9, 10) . Previous studies have verified that lncRNAs serve critical roles in the progression of cardiovascular diseases by modulating cardiac development, homeostasis and regeneration (7, (11) (12) (13) (14) . Nevertheless, determining the genome-wide profile is urgently required to uncover the expression variation and potential functions of lncRNAs in the development of DCM.
In the present study, the genome-wide profile of circulating lncRNAs between patients with DCM and controls was detected by RNA sequencing, which is considered as a credible method to define lncRNA expression (15) (16) (17) . Gene Ontology (GO) analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and lncRNA-messenger RNA (mRNA) co-expression network analysis were performed to explore the potential functions of differentially expressed lncRNAs in DCM.
Materials and methods
Ethical statement. All procedures in the present study were approved by the Ethics Committee of the Liaocheng People's Hospital (Liaocheng, China). All subjects provided written informed consent prior to enrollment into the study.
Study subjects. The 8 control patients who admitted for routine testing and 8 patients with DCM underwent internal medical treatment were enrolled in the present study at Liaocheng People's Hospital between July 2015 and May 2016 ( Table I ). The inclusion criteria for patients with DCM were as follows: i) Left ventricular end-diastolic diameter (LVED) of >50 mm (females) or >55 mm (males); and ii) left ventricular ejection fraction (LVEF) of <45% and/or left ventricular fraction shortening of <25%. Patients with clear causes of idiopathic DCM, including hypertension, coronary artery diseases, valvular disease, congenital defect, alcoholic cardiomyopathy, tachycardia-induced cardiomyopathy and peripartum cardiomyopathy, were excluded from the present study. Patients with a positive family history of DCM were also excluded. The following data were gathered for the DCM and control subjects: Sex, age, blood pressure on admission, heart rate, New York Heart Association classes (18) , LVED, LVEF, N-terminal pro b-type natriuretic peptide, medical history and diagnostic testing (Table I) .
Specimen collection. Blood samples for RNA sequencing were collected from 8 typical patients with DCM and 8 healthy controls. In addition, blood samples from another 20 patients with DCM (16 males and 4 females, 43.2±8.7 years old) and 20 healthy controls (16 males and 4 females, 45.3±7.9 years old) were collected to identify the expression levels of the top 10 lncRNAs with the highest degree via Reverse transcription-polymerase chain reaction (RT-PCR), which was conducted as described below. All the patients were diagnosed with DCM by two experienced clinicians and underwent internal medical treatment at Liaocheng People's Hospital based on the American Heart Association guidelines (19, 20) . Peripheral venous blood (5 ml) samples were collected from all participants in sterile tubes with ethylenediaminetetraacetic acid. github.io/cufflinks/cuffdiff/index.html) was then used to obtain the expression profiles of lncRNAs and mRNAs in terms of the fragments per kilobase of transcript per million fragments mapped (FPKM). Next, the fold-change (FC) and P-values were calculated based on the FPKM, and differentially expressed lncRNAs and mRNAs were identified between the DCM and control groups. The criteria were set as an FC of ≥2 or ≤-2, and a P-value of <0.05 between two groups. P-values were corrected with the false discovery rate method. Hierarchical clustering with average linkage was used to calculate the distinguishable expression patterns. RNA sequencing data were uploaded to the Gene Expression Omnibus database (accession no. GSE101585; https://www. ncbi.nlm.nih.gov/geo/query/acc.cgi?&acc=GSE101585).
RNA isolation

RT-PCR.
Total RNA from the blood samples was isolated and enriched with TRIzol ® reagent (Thermo Fisher Scientific, Inc.), and then the concentration was measured with a NanoDrop ND-1000 spectrophotometer (Nanodrop Technologies; Thermo Fisher Scientific, Inc., Wilmington, MA, USA). Total RNA was reverse transcribed into cDNA with the SuperScript III reverse transcriptase (cat. no. 18080044; Invitrogen; Thermo Fisher Scientific, Inc.). Subsequently, 2X PCR master mix (CloudSeq Biotech, Inc., Shanghai, China) was applied to perform the PCR with the target RNAs and internal reference, β-actin (ACTB) of the samples. The primers were as follows: TCONS_00028585, forward: 5'-CGC AGA AGC ACA GGG TTA AT-3', reverse, 5'-GCT GTA GCT TGC TGG CTC TT-3'; ENST00000439796, forward, 5'-TGA AAA ACA CCG CAG TCA AA-3', reverse, 5'-AGG CCC TAA AGA AGG CCA TA-3'; TCONS_l2_00009351, forward, 5'-ATG AAG CTG GGC AAA TCA GT-3', reverse, 5'-AGA TGG CAC AAA TGC TCT CC-3'; ENST00000448134, forward 5'-TTG GTG GAC GGA ACA GTG TA-3', reverse, 5'-GAG TTA GCC AGT GGG GTG AA-3'; ENST00000607876, forward, 5'-CCC TCA CAC CTC TGT GTC CT-3', reverse, 5'-GTG ACA CAG CCA CAG TCC AC-3'; and ACTB, forward, 5'-GTG GCC GAG GAC TTT GAT TG-3' and reverse, 5'-CCT GTA ACA ACG CAT CTC ATA TT-3'.
The thermal cycling conditions were set to 40 cycles at 95˚C for 10 sec and 60˚C for 60 sec, following predegeneration for 10 min at 95˚C. Data were analyzed using the 2 -∆∆Cq method (21, 22) .
Functional group analysis. The cis target genes were analyzed through the gene annotations provided by the University of California (Oakland, CA, USA) (23), and trans target genes were predicted using BLAT (24) . GO analysis, which contained three domains, namely the 'biological process', 'cellular component' and 'molecular function', was performed to explore the functions of differentially expressed coding genes with the Database for Annotation, Visualization and Integrated Discovery (http://david.abcc.ncifcrf.gov) (25) . Pathway analysis was also adopted to explore potential pathways of differentially expressed coding genes, according to KEGG pathways (https://www.genome.jp/kegg/). The criteria were set as follows: Fold-change of ≥2 or ≤-2, and P-value of <0.05 between the DCM and control groups.
Analysis of the lncRNA-mRNA co-expression network.
Pearson's correlation coefficient (PCC) was calculated for each of the lncRNA-mRNA pairs across the DCM and control groups. Co-expressed lncRNA-mRNA pairs with PCC>0.99 and P<0.01 were selected. In total, two lncRNA-mRNA co-expression networks were initially constructed based on co-expressed lncRNA-mRNA pairs in the DCM and control groups. The 'lost' network presents the lncRNA-mRNA co-expression pairs, which only appeared in the control group, and the 'obtained' network presents the co-expression pairs, which only appeared in the DCM group. Finally, the dynamic lncRNA-mRNA co-expression network was constructed by combining the 'lost' and 'obtained' networks. Subsequently, key lncRNA nodes were identified in the combined network. According to the mRNAs paired with key lncRNAs, GO analysis was performed to separately identify the significantly enriched biological processes in the DCM and the normal co-expression networks. P<0.05 was considered to indicate a statistically significant difference.
Results
Overview of lncRNAs between patients with DCM and controls determined by RNA sequencing. RNA sequencing detected a total of 88,768 lncRNAs in the serum of DCM and control subjects. In order to assess the differentially expressed lncRNAs, the criteria were set as fold-change of ≥2 or ≤-2, and P-value of <0.05 between the DCM and control groups. A hierarchical clustering approach was adopted to verify the consistency in the specimens, according to dysregulated lncRNAs (Fig. 1A) . A heat map of partially dysregulated lncRNAs is presented in Fig. 1B . Compared with the control group, 998 dysregulated lncRNAs were identified in patients with DCM, including 661 unregulated lncRNAs and 327 downregulated lncRNAs (Fig. 1C) . In addition, a scatter plot was implemented to identify differentially expressed lncRNAs between DCM and control subjects (Fig. 1D ).
Distribution profiles of differentially expressed lncRNAs.
The dysregulated lncRNAs were subsequently classified in five categories based on their genomic locations, which included intergenic (n=654), bidirectional (n=220), exonic (n=25), antisense (n=6) and intronic (n=5) lncRNAs ( Fig. 2A) . In terms Table I . Clinical characteristics of control subjects and DCM patients. of length distribution, dysregulated lncRNAs ranged mainly between 500 and 10,000 base pairs (bp; Fig. 2B ). These differentially expressed lncRNAs were scattered throughout the human chromosomes (Fig. 2C) .
RT-PCR validation of differentially expressed lncRNAs.
The top 10 upregulated lncRNAs presenting the highest fold-change were TCONS_00028585, ENST00000439796, TCONS_ l2_00009351, ENST00000448134, ENST00000607876, TCONS_00015639, ENST00000489016, TCONS_00011165, ENST 0 0 0 0 0322227 a nd ENST 0 0 0 0 0458361. T he top 10 downregulated lncRNAs presenting the highest fold-change were TCONS_00003609, TCONS_00018640, ENST00000606664, uc003uey.1, ENST00000494231, E N S T 0 0 0 0 0 4 1 9 6 2 8 , E N S T 0 0 0 0 0 4 3 5 0 4 9 , ENST00000609755, TCONS_00026839 and ENST00 000500180 (Fig. 3A) . Next, five dysregulated lncRNAs were selected to confirm the lncRNA expression, including TCONS_00028585 (Fig. 3B), ENST00000439796 (Fig. 3C) , TCONS_l2_00009351 (Fig. 3D), ENST00000448134 ( Fig. 3E) and ENST00000607876 (Fig. 3F) . The results verified that the expression levels of these lncRNAs were significantly upregulated in DCM patients as compared with those in control subjects.
GO and KEGG pathway analyses of dysregulated lncRNAs.
In order to assess the potential functions of these dysregulated lncRNAs, GO and KEGG pathway analyses were performed with the target coding genes of downregulated lncRNAs and upregulated lncRNAs, separately. GO analysis was comprised of three networks, including the 'biological process', 'cellular component' and 'molecular function'. Through GO analysis of neighbor coding genes, the downregulated lncRNAs were found to be mostly enriched as follows: System development, anatomical structure development and cellular component organization in the 'biological process' analysis (Fig. 4A) ; organelle, intracellular organelle and intracellular part in the 'cellular component' analysis (Fig. 4B) ; and protein binding, cytoskeletal protein binding and enzyme binding in the 'molecular function' analysis (Fig. 4C) . KEGG pathway analysis revealed that downregulated lncRNAs were mainly associated with gap junction, hypertrophic cardiomyopathy, phagosomes and DCM pathways (Fig. 4D) . In addition, upregulated lncRNAs were mainly associated with the regulation of metabolic process, organ morphogenesis and regulation of nucleobase-containing compound metabolic process in the biological process analysis (Fig. 5A) , with the cell projection, cell junction and intracellular part in the 'cellular component' analysis (Fig. 5B) , and with protein binding, enzyme binding and calcium ion transmembrane transporter activity in the 'molecular function' analysis (Fig. 5C ). The upregulated lncRNAs exhibited a strong association with hypertrophic cardiomyopathy and various cancer pathways, according to KEGG pathway analysis (Fig. 5D) .
Overview of mRNAs between patients with DCM and controls determined by R NA sequencing. By RNA sequencing, a total of 1,418 differentially expressed mRNAs (800 upregulated mRNAs and 618 downregulated mRNAs) were identified among the 20,315 detected mRNAs between the DCM and control groups (Fig. 6A) , according to the criteria of a fold-change of ≥2 or ≤-2, and P<0.05. A scatter plot was implemented to identify the differentially expressed mRNAs (Fig. 6B) . The top 10 upregulated mRNAs were DCAF15, DEPDC4, RASA4, ZNF227, ZNF559-ZNF177, POLR1C, TES, KCNIP2, RAD52 and CD300LF. The top 10 downregulated mRNAs were HLA-A, PHB, SNRPN, DPEP2, OR6S1, ZNF233, DUT, ACD, KIAA1324 and C11orf48 (Fig. 6C) . lncRNA-mRNA co-expression network analysis. A dynamic lncRNA-mRNA co-expression network was constructed based on the PCC to identify the correlation between differentially expressed lncRNAs and mRNAs. Initially, the DCM and control lncRNA-mRNA co-expression networks were constructed individually. A total of 1,331 lncRNA-mRNA pairs were detected in the DCM co-expression network ('obtained' network), while 1,348 lncRNA-mRNA pairs were identified in the control co-expression network ('lost' network). Next, the two networks were combined into a total co-expression network containing 676 nodes (69 lncRNA nodes and 607 mRNA nodes) and 2,661 edges (Fig. 7) . The top 10 lncRNA nodes (hub nodes) with the highest degree were XLOC_004581, XLOC_l2_010969, ENSG00000202198, ENSG00000251408, XLOC_008043, BC015774, ENSG00000267172, AK055324, AK094644 and CEP83-AS1 (Fig. 8A) .
Furthermore, the blood samples from another 20 patients with DCM and 20 healthy controls were collected to identify the expression levels of the top 10 lncRNA nodes with the highest degree using RT-PCR assay (Fig. 8B) . According to the GO analysis, the top 10 lncRNA-mRNA co-expression pairs with the highest degree were mainly associated with positive regulation of cyclin-dependent protein serine/threonine kinase activity, translational initiation, DNA-templated transcription and regulation of muscle cell differentiation in the DCM group ('obtained' network; Fig. 8C ), and with negative regulation of apoptotic process, nuclear-transcribed mRNA catabolic process and response to stress in the control group ('lost' network; Fig. 8D ). Finally, an lncRNA-mRNA co-expression network was constructed in order to identify the target mRNAs of the top 10 lncRNA nodes with the highest degree (Fig. 9) .
Discussion
In the present study, a genome-wide analysis of dysregulated circulating lncRNAs between patients with DCM and controls was performed by RNA sequencing. Subsequently, the study attempted to elucidate the potential mechanism of DCM with bioinformatics analysis. A total of 998 dysregulated lncRNAs and 1,418 differentially expressed mRNAs were identified between patients with DCM and controls. Among these dysregulated lncRNAs, the expression levels of several upregulated lncRNAs were verified with RT-PCR; the expression levels of downregulated lncRNAs in DCM should be conducted in the future. These lncRNAs were mainly intergenic and bidirectional lncRNAs distributed among all human chromosomes, with lengths mainly ranging between 500 and 10,000 bp. Bioinformatics analysis revealed that the dysregulated lncRNAs exhibited a strong association with system development, organ morphogenesis and metabolic regulation in the 'biological process' analysis. It was also observed that several potential pathways, including the gap junction pathway, . Schematic of the construction process of the lncRNA-mRNA co-expression network between patients with DCM and controls. Two lncRNA-mRNA co-expression networks were initially constructed based on co-expressed lncRNA-mRNA pairs in each sample group. Next, the 'lost' and 'obtained' networks were identified based on the two networks, which included pairs appearing only in normal and DCM samples, respectively. The dynamic lncRNA-mRNA co-expression network was constructed by connecting the 'lost' and 'obtained' networks. DCM, dilated cardiomyopathy; lncRNA, long noncoding RNA; mRNA, messenger RNA.
phagosome, and dilated and hypertrophic cardiomyopathy pathways, may serve crucial roles in the genesis and development of DCM. Through the biological analysis of the top 10 lncRNA-mRNA pairs with the highest degree in the dynamic lncRNA-mRNA co-expression network, it was observed that the top 10 lncRNAs were mainly associated with DNA-templated transcription, translational initiation and regulation of muscle cell differentiation in the DCM group. However, these top 10 lncRNAs were associated with the negative regulation of apoptotic process, nuclear-transcribed mRNA catabolic process and regulation of response to stress in the control group.
Due to the severe outcome of patients with DCM, it is imperative to uncover effective biomarkers and therapy targets for the diagnosis and treatment of this disease. lncRNAs are implicated in diverse biological processes in different diseases, such as in cell-cycle control, differentiation, apoptosis, chromatin remodeling, maintenance of the nuclear structure integrity, and transcriptional and post-transcriptional processing (26) (27) (28) (29) . Recent studies have demonstrated that lncRNAs serve critical roles in cardiac development, and participate in cardiac homeostasis and regeneration as epigenetic regulators of cardiac gene expression (11, 13, 30) . Circulating lncRNAs have also been reported to be involved in the pathophysiology of cardiovascular diseases. For instance, the circulating lncRNA HOTAIR performed a protective role in acute myocardial infarction via the negative regulation of miR-1 (31) . Although a few pathogenic lncRNAs have been reported in DCM (32) (33) (34) , the majority of these studies did not employ RNA sequencing tools and bioinformatics analysis; therefore, more comprehensive information remains to be elucidated. In the present study, the genome-wide profile of lncRNAs was identified by comparing their expression in the serum of patients with DCM and controls by RNA sequencing. The present study identified the lncRNA variation in DCM and provides a critical insight on the potential mechanisms underlying this disease. In addition, the present results are important for the identification of novel biomarkers of idiopathic DCM.
Cardiac sarcomere proteins are vitally important in maintaining a normal cardiac structure. Mutations of the genes encoding these proteins, particularly the titin and myosin heavy chain 7 genes, may result in the occurrence of DCM (35) (36) (37) (38) . In the present study, it was observed that the titin gene was regulated by several lncRNAs, including ENGS00000237298, ENGS00000267784, ENGS00000442329, ENGS00000603415 and ENGS00000603521. In addition, the myosin heavy chain 7 gene was regulated by NR126491. These results suggested the potential regulatory mechanisms of these sarcomere proteins, although mutations in sarcomeric genes were not examined in the present study. Furthermore, more potential genes were identified at the genome-wide level, which may function as key regulators in the development of DCM.
The lncRNA-mRNA co-expression network analysis was performed by combining lncRNA-mRNA pairs identified separately in the DCM and control groups. Biological processes were analyzed with the target mRNAs of the top 10 lncRNA nodes with the highest degree in the DCM and control groups. The function of the majority of these lncRNAs remain unknown, apart from ENSG00000202198 (also known as RN7SK), which was identified to be associated with immunodeficiency syndrome (39) . Notably, these 10 lncRNAs participated in different biological processes between the DCM and control groups. It is known that lncRNAs are able to regulate multigene expression to participate in biological processes (9, 10) . The findings of the present study suggested that lncRNAs were also able to change their main target genes, according to different disease circumstances. Modifying the cardiac circumstances of patients with DCM may be an effective therapy to relieve the progression of this disease.
In conclusion, the present study identified the genome-wide profile of lncRNAs in DCM by RNA sequencing. Bioinformatics analysis identified the potential functions of these lncRNAs. The lncRNA-mRNA co-expression network analysis revealed that the main target genes were different in DCM. Although the study mainly focused on bioinformatics analysis without experimental confirmation of the pathophysiology in DCM, the findings offered a novel insight into the disease pathogenesis and provided a theoretical basis for future studies of lncRNAs in DCM. Figure 9 . Co-expression network with the top 10 lncRNA nodes with the highest degree in the dynamic lncRNA-mRNA co-expression network. Target mRNAs of the top 10 lncRNAs with the highest degrees are shown in the lncRNA-mRNA co-expression network. The red nodes represent lncRNAs, and the pink nodes represent mRNAs. lncRNA, long noncoding RNA; mRNA, messenger RNA.
